Linaridins are rare linear ribosomally-synthesized and post-translationally modified peptides (RiPPs) and only two, cypemycin and SGR-1832, in this family have been identified so far. Legonaridin 1 has been discovered as a new member of linaridins through chemical isolation, peptidogenomics, comprehensive 1-and 2-D NMR and advanced Marfey's analyses from the soil bacterium Streptomyces sp. CT34, an isolate collected from Legon, Ghana. Bioinformatics analysis of the gene cluster suggested that the biosynthesis of legonaridin 1 is different from the ones for cypemycin and SGR-1832. Consistent with bioinformatics and peptidogenomics analyses, 1 has a total of nine post-modifications, 8 dehydrobutyrine residues and N,N-dimethylated N-terminus with a carboxylic acid at the C-terminus. Legonaridin 1 is structurally different from the two known linaridins comprising a new subfamily. This is the first time to use NMR spectroscopy to establish the 2-D structure of a linaridin RiPP.
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Introduction
There is an increasing interest in the discovery of new ribosomally-synthesized and post-translationally modified peptides (RiPPs). 1 RiPPs are a major class of natural products that has only been recently discovered and found in all three domains of life. 2 Although these molecules explore only the 20 proteinogenic amino acids, extensive posttranslational modifications provide these peptide with enormous chemical and biological diversity. 3 The structural complexity of RiPPs taken together with their often high molecular weight has made their chemical discovery extremely time-consuming. 4 This is exemplified for the discovery of the polytheonamides which were reported in 1994 as cytotoxic constituents of the Japanese sponge Theonella swinhoei, which harbours a large diversity of symbiotic bacteria. 5 It took more than 10 years for the same research group to establish the precise structure of these compounds as highly complex 48-mer peptides. 6 Linaridins are rare RiPPs. 7 Despite increased numbers of RiPPs discovered, only two linaridins have been found so far including cypemycin, the founding member of linaridin family 7 and grisemycin (SGR-1832) 8 ( Figure 1 ).
Both linaridins possess common structural features, notably AviCys moiety in C-terminus, N, N-dimethylalanine
at N terminus and dehydrothreonine moieties. During the course of our investigation on biodiversity in Ghana, we were able to isolate several new soil actinomycetes including Streptomyces sp. MA37 9 and two new mangrove strains, Micromonospora sp. K310
that produces butremycin, a new derivative of ikarugamycin, 10 and Verrucosispora sp. K51G, the producer of a new pyrazinone butrepyrazinone.
11
Here we report the discovery and characterization of a new linaridin, legonaridin 1, using a combination of chemical isolation, peptidogenomics, and comprehensive NMR spectroscopic analysis, from Streptomyces sp. Figure 2 ). The identity of the gene cluster directing the biosynthesis of 1 was confirmed through gene inactivation. The absolute structure of 1 was established through advancedMarfey's analysis, suggesting that 1 is structurally different to cypemycin and grisemycin, and belongs to a new subgroup of linaridin RiPP family, consistent with our bioinformatics analysis.
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Results and discussion
Identification of peptide from Streptomyces sp. CT34
Streptomyces sp. CT34 is a new Streptomyces strain that was isolated from a rhizosphere sample from Legon, Ghana ( Figure S1 ). Metabolite profiling of the strain revealed the presence of a high molecular-weight metabolite (3600.8 Da) only under the acidic culturing condition (pH 5.5). Large scale fermentation, extraction and solvent partitioning using modified Kupchan method, 12 followed by RP-HPLC of the CH 2 Cl 2 fraction allowed the isolation of pure compound 1 (9 mg).
Analysis of high resolution electrospray ionization mass spectrometry (HR-ESIMS) gave monoisotopic ion [M + We then applied the peptidogenomics methodology 8 developed by one of our authors (PCD) and generated 7 identifiable peptide fragments ( Figure 2B ). This was obtained by using tandem MS (MS n ) fragments to generate sequence tags for this peptide which was then subjected to collision-induced dissociation (CID) fragmentation and the sequential fragment ions were assigned through de novo analysis of MS n spectra ( Figure S3-4) . Almost all of the mass shifts generated can be substituted with proteinogenic amino acids except mass shifts of 83 Da which were assigned to the non-proteinogenic amino acid dehydrobutyrine (X or Dhb). Interestingly, serine residue(s) in the sequence tags remained intact. A similar feature was also observed in the RiPP natural products such as lantibiotics and other linaridins in which serine residues are less favoured than threonine residues for dehydration. 13 This suggested that this compound may be a ribosomally-derived peptide.
Identification of the peptide sequence
Illumina-based genome scanning of Streptomyces sp. CT34 was carried out, generating 8.05 Mbp of sequence with 310 contigs, and the draft genome was deposited in NCBI database. 14 The sequence was annotated using the AntiSMASH software. 15 Through peptidogenomics-based matching, we found one putative peptide, LegA, that was annotated as a homolog of the precursor peptide CypA of cypemycin. In comparison with the mature peptides of cypemycin and grisemycin, we proposed that the mature peptide of 1 started with isoleucine (Ile) and have 37 amino acids in total ( Figure 3A and B), indicating that 1 is a new member of the emerging linaridin
RiPP family, which we named legonaridin after its association with Legon, Ghana, the location of the University of Ghana.
Analysis of the surrounding genetic environment of legA allowed identification of a candidate gene cluster (leg) ( Figure 3A and Table S1 ). Gene inactivation of the entire cluster completely abolished the production of 1,
indicating that the leg cluster indeed directs the biosynthesis of 1. The leg cluster possesses 8 ORFs, 2 of which, LegD and F, share moderate sequence identities with CypM (30%) and CypL (37%), respectively, in the cypemycin pathway (Table S1 ). Biochemical assay demonstrated that CypM is responsible for the N,N dimethylation of the N-terminal Ala in the biosynthesis of cypemycin, 7 an unusual peptide modification that was also observed in SGR-1832 linaridin peptide. 8 Therefore, it is proposed that LegD may generate Nmethylation on the N-terminus Ile of 1. The two genes, legE and legH, encode Alpha/beta(Ab) hydrolase fold protein and HTT membrane protein, in the close proximity of legA, respectively ( Figure 3A ). Interestingly, LegE has moderate sequence identity (31% identity) with the hydrolase domain of CypH whereas LegH has moderate sequence identity (40% identity) with the HTT domain of CypH (Table S1 ). It appears that the cypH homolog in the leg cluster is split into two individual genes. The presence of both encoded CypL and CypH are required for the production of cypemycin. CypL and/or CypH are believed to catalyze the dehydration of threonine residues into the mature peptide. 7 The presence of genes legE, F, and H in the leg cluster suggests that these gene products may be required for the production of 1, possibly playing the same roles as CypL and H in the maturation of cypemycin. However, one cannot exclude the possibility that LegC, a putative FADdependent oxidoreductase, may catalyse the dehydration of all of Thr residues. The exact in vivo roles of these four genes remain to be determined. In the cypemycin biosynthesis, CypD is responsible for the decarboxylation of the cysteine residue in the C-terminus, the essential biosynthetic step to construct the AviCys motif. 7 The cypD homolog gene was also observed in the SGR-1832 cluster. 8 However, there is no cypD homolog gene in the leg cluster in the CT34 strain, suggesting that legonaridin is a completely linear peptide with a free carboxylic acid group at the C-terminus. Interestingly, the presence of cypD homolog genes is not common in the putative linaridin clusters and was only observed in the cypemycin and SGR-1832 clusters. 7, 8 Moreover, no CypI homolog gene was observed in the close proximity of leg cluster. CypI was proposed to epimerize L-isoleucine residue to L-allo-isoleucine. 7 Therefore, it is likely that the L-configuration of the two isoleucine residues in the legonaridin 1 has been retained. 
NMR analysis confirms that 1 is a new linaridin RiPP
In silico analysis allow us to propose the structure of 1 as shown in Figure 4 , which was corroborated by MS n fragments, providing strong supportive evidence that the predicted structure is correct. (Table 1 and Figures S2, 5-9 ). Despite of overlapping peaks, all protons were successfully assigned through a strategy based on definition of the amino acid spin systems [16] [17] [18] by inspection of COSY and TOCSY NMR data, followed by confirmation of the overall amino acid sequence using NOESY data ( Figure 5 ). The most predominant NOE correlations were those of N (i) -N (i+1) and H α(i) -N (i+1) and were strong to medium between all neighbouring residues with the exception of X2-P3, X9-P10, X13-P14 and F17-A18 ( Figure   5 ). The latter of the four pairs proved difficult to determine as the amide protons of F17 and A18 shared a NOE correlations between H δ in proline and the neighbouring H in N-atom finally confirmed the sequences of X2-P3, X9-P10 and X13-P14 linkages, as illustrated in Figure 4 . Many of the 13 C could also be assigned, and in some cases inter residue connectivity could be corroborated using HMBC correlations. Using the advanced Marfey's analysis, 19 we confirmed that the absolute configuration of the unmodified amino acid residues is Lconfiguration, consistent with the above bioinformatics analysis. When tested for various antibacterial and cytotoxic activities, 1 displayed weak activity. The exact biological role of this peptide remains undefined. 
Conclusions
In conclusion, legonaridin 1, a new member of linaridin RiPP was discovered from the soil bacterium Plasmids and bacterial strains are summarized in Table S2 . Restriction enzymes were purchased from New England Biolabs and chemicals from Sigma-Aldrich. Oligonucleotide primers (Table S2) were purchased from Sangon Biotech.
Isolation of Streptomyces sp. CT34
The rhizosphere sample was obtained near a Caesalpinoideae tree (Tamarindus Indica, Africa) in the Botanic
Garden in the University of Ghana, Legon (5 o 39'32.72" N, 0 o 11'55.26" W). Streptomyces sp. CT34 was isolated using the procedure outlined as follows: the soil sample was suspended in sterile water. The suspension was transferred to modified ISP2 agar plates (oxoid agar, 15g; glucose, 4g; yeast extract, 4g; malt extract, 10g; pH 5.5) supplemented with nalidixic acid (25 μg/mL) and nystatin (25 μg/mL) and incubated at 28 o C for 7 days.
The pure strain was obtained after repeatedly transferred and streaked on different fresh ISP2 agar plates.
Cultivation of Streptomyces sp. CT34
The pure strain was maintained on ISP2 agar plates at 28 o C. 
Extraction and Isolation
After 7-day fermentation, HP-20 resin was filtered under the reduced pressure. HP-20 resin was washed with distilled water, and then extracted with methanol (3x500 mL). The successive MeOH extracts were combined and concentrated under reduced pressure, followed solvent partition using the modified Kupchan method.
The dichloromethane (CH 2 Cl 2 ) fraction was subjected to semi-preparative reversed-phase HPLC (C18 Sunfire™ 250×10 mm Waters; A: water, B: Methanol; gradient 0-40 min 60-100% B; flow rate 1.5 mL/min) to afford 9 mg of pure 1. 
De novo MS/MS for identification of sequence tags.
Data were acquired on a Thermo LTQ-FT 7T instrument using an Advion Nanomate nanoelectrospray infusion robot. The sample was diluted in 50/50 acetonitrile water with 0.1% formic acid. Samples were infused at approximately 200 nL/min with an applied voltage of 1.8 kV. Gas settings were all set to 0 with an inlet temperature of 250 o C. The instrument was manually controlled during acquisition and MS parent ion spectra were collected from 150-2,000 m/z in profile mode as analyzed in the FTMS cell. MS 2 and MS 3 spectra were collected at varying collision energies, isolation windows, and acquisition windows optimized for optimal signal and isolation efficiency. Acquired spectra were manually interpreted. High-resolution, but lower signal to noise FT spectra were compared against low-resolution but higher signal to noise iontrap spectra. FT peaks without isotopes and absent from the iontrap spectra were identified as electronic noise. FT transients of were collected at 128-256k. All spectra analyzed were averaged .
Genome sequence
The genome sequence of CT34 was deposited in GenBank under the accession no: JSFP00000000. 14 The legonaridin biosynthetic gene cluster was identified using seven sequence tags generated by MS derivatives eluted before D-FDAA derivatives for all amino acid residues in the hydrolysate. Therefore, the absolute configurations of the unmodified amino acid residues in 1 were determined as L.
Generation of Knockout Constructs
To delete the leg gene cluster, a 1880 bp upstream fragment and a 1990 bp downstream fragment were amplified from genomic DNA of Streptomyces sp. CT34 by PCR using the primers U1/U2 and D1/D2, respectively (Table S2 ). The PCR products were purified using the Omega PCR purification kit and were cloned in pUC-T simple vector to generate constructs, pWHU2261 and pWHU2262 (Table S2) . After sequencing verification, the fragments were digested by NdeI/XhoI and XhoI/HindIII from pWHU2261 and pWHU2262
respectively. The obtained fragments were cloned into the NdeI and HindIII site of pYH7 to fulfil the in-frame deletion construct pWHU2263 which was then transferred into CT34 strain via E. coli-Streptomyces conjugation. 20 A PCR-based screening allowed identification of the in-frame deletion mutant M-ZY using two PCR primer pairs of L1/L2 and R1/R2 (table S2) .
